To reveal the multivariate relationships between man-made and meteorological factors on dust storm frequency, the LUCC data, NDVI remote sensing data and meteorological data for the period of 1983-2013 were combined with dust storm frequency data, and the possible impacts of meteorological and anthropogenic factors on dust storm frequency were analyzed by using regression analysis and PCA (Principal Component Analysis). Results show that the inter-annual dust storm frequency increased gradually. In particular, an increasing trend in recent years, after 2009, is conspicuous. The monthly frequency of dust storms shows higher values between the months of February and May, with the highest mean number of events occurring in April, which accounts for 29% of the annual dust storm frequency. The annual dust storm frequency is positively correlated with wind speed and negatively correlated with precipitation; the monthly dust storm frequency is positively correlated with wind speed, but no significant correlation can be found with precipitation. The relationship between temperature and dust storms is not simply linear, however, a certain correlation with an unremarkable statistical significance can be found between them. Human activities also affect the dynamics of dust storms indirectly via changing vegetation coverage and direct dust emissions. The multivariate analysis further confirmed the association between dust storm frequency and meteorological factors and NDVI. The high loadings of dust storm frequency, wind speed, precipitation and NDVI on a PC indicate that the increased precipitation and NDVI will decrease dust storm frequency, and increased wind speed will increase dust storm frequency.
Introduction
Dust storms are atmospheric phenomena that have been recognized as having a very wide range of environmental and climate impacts. The occurrence of this type of weather has exerted an extremely adverse effect upon the environment [1] [2] . Both human activities and natural factors can affect the dynamics of dust storms indirectly via changing vegetation coverage and direct dust emissions. Wind speed is a dynamic driver that is responsible for dust storm. In the presence of suitable land surface condition, even relatively weak winds can induce dust storm events [3] [4] . Precipitation can improve the soil moisture condition, and reduce the dust emission from surface. As the world's second largest shifting sand desert, the Taklimakan Desert and its surrounding areas have already become vulnerable regions to dust storm impacts [5] - [7] . Especially, frequent dust storms in spring cause serious environmental consequences and have negative effects for the environment and human society at the northeast edge of this desert [8] .
In previous research on the Taklimakan Desert area, the entire desert was selected as a study area, and the temporal-spatial changes of dust storms were analyzed using limited meteorological observations. For example, Cheng et al. (2014) analyzed the temporal and spatial distribution characteristics of hot spots and cold spots of dust storms in Xinjiang [9] . Liu and Wei (2005) used long-term meteorological data to analyze the variation trends of dust storm frequency in southern Xinjiang and suggested that under the conditions of global warming, dust storm frequency was reduced because of reduced strong winds and increased precipitation in the previous 60 years [10] . However, there is a lack of scientific efforts on dust storm studies for the specific region of Taklimakan Desert. Therefore, this study was conducted to partly fill in this information gap. The northeast edge of the Taklimakan Desert, which has been considered an economic strategic zone and traffic center of southern Xinjiang [11] , has already become an ecologically fragile region because of the frequent occurrences of dust storms. In this study, the variation trends of dust storm frequency in the period of 1983-2013 are combined with meteorological data (wind speed, temperature and precipitation), LUCC (land use/cover change) data and NDVI (Normalized Difference Vegetation Index) data. The possible impacts of meteorological conditions and human development activities on the varying trends of dust storm frequency are analyzed.
Materials and Methods

Overall Characteristics of the Study Area
The northeast edge of the Taklimakan Desert, including Bugur County and Korla City of the Xinjiang Uyghur Autonomous Region, China, was selected for analyzing the variation trends of dust storms ( Figure 1 ). This area has a cold desert climate with clear seasonal variations in temperature. The monthly average temperature ranges from −7.0˚C (in January) to 26.4˚C (in July), and the annual mean is 11.7˚C. The annual mean precipitation is only 57 millimeters. Most precipitation occurs in summer, and the annual evaporation rate is about 2800 mm. Dust storms mainly occur in spring, and the annual frequency (1958-2008) was 17.47 times/year for suspended dust, 6.05 times/ year for blowing dust and 1.38 times/year for sand-dust storms [11] . Therefore, this area is considered to be a region with frequently occurring dust storms in Xinjiang [12] [13]. Since the discovery of oil in the Taklimakan Desert in the 1990s, this area gradually becomes an economic strategic zone and traffic center of southern Xinjiang [14] .
However, due to direct contact with the desert, this region has already become an ecologically fragile region.
Data Collection
Dust Storm Frequency and Meteorological Data
Dust storm events in this study were classified using the criteria given by AQSIQ/NSC (2006) [15] . Accordingly, there are three types of dust events depending on the severity.
The least severe type is called suspended dust weather, which refers to the suspending of dust in the air under calm or low wind conditions with the atmospheric visibility below 10 km. The moderately severe dust weather is called blowing dust, which refers to the lower horizontal visibility, 1 km -10 km. The most severe/strong dust weather is called a sand storm (sometimes it is also simply called a dust storm), which refers to a phenomenon when the instantaneous wind velocity is over 25 m/s and horizontal visibility is below 1 km [16] . The total number of the three types of dust weather was Figure 1 . Location and landscape characteristics of study area (Dotted area is NDVI value calculated region). considered to be the annual dust storm frequency. Meteorological data, including temperature and wind speed in the period of 1983-2013 (dust storm frequency data are available from 1958), used in this study were obtained from the Bugur Meteorological Station and the China Meteorological Data Sharing Service System (http://www.cams.cma.gov.cn/), as well as from the National Oceanic and Atmospheric Administration, Air Resources Laboratory (NOAA ARL), which are available at http://www.arl.noaa.gov/ready.html.
LUCC Data
Seven types of LUCC data including agricultural land, orchard, forest, grassland, wetland, residential & industrial land and unused land were considered in this study. Type of these lands was classified using the criteria given by National Standard Committee of China (GBT 2001 (GBT -2007 . Because dust storm events in the study area are associated with larger areas including the entire Taklimakan Desert and its surrounding areas, the LUCC data were collected from the entire southern Xinjiang region, including Bayingolin Mongol Autonomous district, Aksu prefecture, Kizilsu Kirgiz autonomous district, Kashgar prefecture and Hotan prefecture in the period of 1983-2013, and the relationships between LUCC and dust storm frequency were analyzed. Population data were collected from the Xinjiang statistical yearbook and Internet sources.
NDVI Data
The annual mean value of NDVI in the period of 1983-2013 was obtained by using ERDAS (Earth Resources Data Analysis System) image software. In this method, the entire southern Xinjiang region (36˚ -42˚N, and 78˚ -93˚E) is divided into 360 grid cells of 0.5˚ × 0.5˚ for calculating the NDVI value (dotted area in Figure 1 ). The remote sensing (Landsat 7) map is extracted from the Earth Explorer website (http://earthexplorer.usgs.gov/) based on the geographical coordinates of the study area. August was selected from each year for obtaining the NDVI value because of higher vegetation coverage and clear air (fewer clouds) in this month (July was selected for 1988, 1996 and 2009, because the remote sensing image was not available or not clear in August in these years). The NDVI values in every 360 grid cells were obtained using ERDAS image software, and then they were averaged to produce the annual mean NDVI value for each year.
Statistical Analysis
Simple time-series analysis was conducted to check the relationships between dust storm frequency (monthly and annual) and corresponding meteorological factors and LUCC. The time-series analysis is a statistical tool that can describe the relationship between two variables based on observed data. Moreover, it can also predict the value of the dependent variable based on the value of the independent variable [17] . For example, if y is a dependent variable and x is an independent variable, then the linear regression model provides a prediction of y from x in the form of:
where: α + βx is the deterministic portion of the model and ε is the random error. 
where, β ij is a regression coefficient; since each y i is a linear combination of the x j , Y is a random vector.
A total of 13 variables, including annual dust storm frequency, three meteorological factors (annual precipitation, annual wind speed and annual mean temperature), seven types of land (agricultural land, forest, orchard, grassland, wetland, residential & industrial land and unused land), population and annual mean NDVI value were analyzed using PCA. The NDVI value is obtained using the following formula:
where, λ NIR and λ RED are the reflectance in the near infrared (central wavelength of 0.63 -0.67 μm) and red bands (central wavelength of 0.85 -0.88 μm), respectively. In order to investigate the main seasons of dust storm occurrences, seasonal sub-series were used, i.e. spring (from February to April), summer (from May to July), autumn (from August to October) and winter (from November to the next January).
Results and Discussions
Variation Trends of Dust Storms
The monthly average value of dust storm frequency in the period of 1983-2013 is presented in Figure 3 and Table 1 . It can be seen from Figure 3 that the total number of dusty days in April accounts for 28.4% of each year, followed by March (21.1%), and May (15.3%). Collectively, 65% of the annual dust storms occur in these three months.
During the spring season, dust storms occur most frequently each year, with an average frequency of 15.8 times/month. The lowest number of dusty days occurred in winter (from November to February). 
.1. Precipitation
The relationship between dust storm frequency and precipitation is presented in Figure   4 , while the simple regression results are shown in Table 2 . There are clear negative correlations between annual dust storm frequency and precipitation (R = −0.71, P = 0.001). However, there is no obvious correlation between monthly dust storm frequency and precipitation given the unremarkable correlation coefficient (R = −0.082, P = 0.540) ( Table 2 ). between wind speed and dust storm frequency with R = 0.91, P = 0.001 at the 95% confidence level ( Table 2) . As a dynamic force of dust storm formation, the wind conditions play an essential role in determining the frequency and intensity of dust storms.
Wind Speed
Wind conditions can be: large-scale or synoptic wind systems and smaller patterns known as mesoscale wind systems. Synoptic wind systems cover great distances. During the spring, a low atmospheric pressure system prevails within the study area, while the Siberian and Mongolian high pressure systems move into the study area from the north and northeast directions. This synoptic situation causes strong winds, and hence dust storms frequency in the study area is increased. Mesoscale systems are smaller weather systems that cause local wind systems. The study area is located between the Tangri
Mountain with an average altitude of 5000 m and the Taklimakan Desert. The peaks of this mountain are covered with snow and ice. Due to the temperature difference between the mountain and desert, the local winds, such as down-slope winds, gap winds and convection, always cause frequent dust storms in the study area. It can be clearly seen from Table 1 and Figure 3 that dust storm frequency is decreased in the summer and autumn months although strong wind conditions still exist, e.g., the average wind speeds in June and July were 6.2 m/s and 4.1 m/s, respectively (Table 1) .
Temperature
The relationship between temperature and dust storms is not simply linear. For example, higher temperatures would be helpful for vegetation growth. As a mechanical barrier, plants can effectively decrease the velocity of surface friction wind [18] - [20] .
Moreover, the greater vegetation coverage in summer and autumn increases the surface roughness; hence, the frequency of dust storms is decreased in this period. In this case, increased temperature can effectively reduce dust storms. However, higher temperatures during conditions with lower precipitation will induce drought, enhance surface dust particle sources and thereby accelerate dust storm formation. In this study, a certain Overall, precipitation, wind speed and temperature are three meteorological factors that can impact dust storm formation as well as the frequency and intensity of dust storms. Based on the linear regression between dust storm frequency and the three meteorological factors, the monthly dust storm frequency is positively correlated with wind speed and is not significantly correlated with precipitation and temperature. The annual dust storm frequency was positively correlated with wind speed and negatively correlated with precipitation with a remarkable statistical significance.
Land Surface Cover and Dust Storm Occurrence
The occurrence of dust storms is not only the result of natural factors but also the result of human activities, including overgrazing and deforestation, which reduce vegetation coverage [21] - [24] . Therefore, the variation trends of dust storms are analyzed together with other indicators of land use/cover changes using a long-term observation data series. The vast majority of the landscape in this area is covered by barren deserts; the Gobi Desert and scarce grasslands are shown in Figure 1 . The historical LUCC data from whole southern Xinjiang region (Figure 1) , with the total area of 1,100,000 km area, previous research indicated that, due to rapid population growth in southern Xinjiang, the demand for water resources is growing rapidly [5] . As a result, some natural lakes and river are shrinking or have been dried up. This could be a reason for the reduction of the wetland area. No significant correlation can be found between particular LUCC and dust storm frequency. Only the NDVI is negatively correlated with dust storm frequency (R 2 = 0.43). In the southern Xinjiang region, in addition to the Gobi and mobile deserts, there are vast areas of transit zones between the oasis and the During the entire study period, from 1983 to 2013, the forest area increased from Figure 5 ). The decrease in the grassland area was much larger than the total increase in the area of the three types (forest, orchard and agricultural land) above. Therefore, the average NDVI value of the entire southern Xinjiang region shows a decreasing trend in this period.
Thus, it can be assumed that the economic activities in this area can enhance dust particle emission, which can create a dust storm hazard if the wind and other weather factors are conducive. Some of the activities that are relevant for this study area are listed as follows:
1) Excessive Cultivation
Due to limited natural resources, such as water scarcity, marginal soil, the yield of arable land in the southern Xinjiang region is generally low and unstable [5] . The increase in population forces people to enlarge cultivated areas. For instance, the population in southern Xinjiang increased from 6,022,160 in 1983 to 10,937,867 in 2013 [25] .
In the same period, the agricultural land increased from 15,915 km 2 to 19,661 km 2 . New land was cultivated at the expense of the shelter-forest and vegetation. Without the protection of the shelter-forest and the vegetation against wind erosion, this area became more and more vulnerable, and the fertility of the arable land declined, which made crop production unstable and reduced year after year until finally people were forced to abandon it and cultivate new land [4] . The massive discarded land was gradually desertified and became a source of sand and dust particles.
2) Overgrazing
Most of grassland in southern Xinjiang is located in an arid and semi-arid belt in which the ecological environment is harsh and the ecological grassland system has a low self-resilient capacity [26] . A sharp increase of population would result in massive cultivation that perhaps make the grassland area declined ( Figure 5 ). Meanwhile, corresponding to the population increase, the demand of livestock should also be increasing, which would lead to overgrazing. During the period from 1983 to 2013, the area of grassland was reduced by 26.7%. Chen et al. (2002) reported that the over-loading rate of livestock in the grassland in the dust storm area in China is 50% -200%; some areas even reach 300% [27] .
3) Deforestation
The rural area of southern Xinjiang generally lacks energy, especially fuel for daily use. The rural inhabitants depend mainly on the uprooting and lumbering of natural vegetation and the excrement of livestock for fuel [5] . A sharp increase of population intensified the shortage of fuel, thereby making the situation worse. From 1983 to 2013, although the total area of forest and orchard were increased by 1660 km 2 and 5331 km 2 , respectively, most of these newly expanded forests and orchards were merely planted on land that was originally cultivated or grassland. The natural forest that existed between the desert and oasis, which played an essential role in protecting the oasis from desertification and dust storm impacts, was cultivated or changed to industrial land and other types of land [28] . The natural poplar forest in the lower reaches of the Tarim River was reported to have reduced from 5200 km 2 in 1958 to 2800 km 2 in 2013. These processes intensified the desertification in this area, which would enhance the dust storms.
4) Unreasonable Utilization of Limited Water Resources
In southern Xinjiang, precipitation is very low with an annual precipitation of 50 mm, hence water sources are limited. A large scale of newly cultivated land in the arid area requires a huge amount of water for irrigation. Because of the lack of water for irrigation, 92.87 km 2 of arable land were discarded and desertified in the Tarim River basin from 1970 to 2010 [29] . Figure 5 showed that the wetland area in southern Xinjiang decreased from 36,767 km 2 in 1983 to 30,032 km 2 in 2013. On the one hand, increasing consumption of water resulted in a groundwater level decline, which made vegetation die and further made land desertified because of the loss of protection from vegetation.
On the other hand, unreasonable irrigation methods, namely irrigation without drainage and over-irrigation, led to the salinization of soil [30] . These factors together intensified the dust storm events in the study area.
Multivariate Association between Dust Storms, Meteorological Factors and the LUCC
The PCA was applied to further reveal the association between dust storm frequency, meteorological factors and the LUCC. The dataset of 13 variables, including dust storm frequency observed at Bugur County, the seven types of land of the southern Xinjiang region, three meteorological factors (precipitation, wind speed and temperature) measured at Bugur County, the NDVI value (the representative monthly mean value in August/July of a year) of each year for the southern Xinjiang region as described above and population data of each year from 1983 to 2013 for the southern Xinjiang region were analyzed by using PCA. For the wind speed data, the average wind speed of March, April and May in each year was calculated from the daily wind speed of the months because of the high dust storm frequencies during this period, and this average value of wind speed in this period was used to represent the wind speed in the respective year, which was used for PCA. Note that the standardized value, which has a mean of 0 and standard deviation of 1, of each variable was used for the analysis. The results of the PCA are presented in Table 3 .
The PCA with a Varimax rotation produced three principal components (PC), which can explain 85.3% of the total variance of the original dataset, as illustrated in Table 3 . with a high loading. The third component explains 7.7% of the total variance and has high loadings of temperature and wetland, which perhaps shows the association between these two variables.
Thus, dust storm events appeared to be the result of the combined effects of and land 
Conclusion
Dust storm is closely related to meteorological conditions and land surface features.
The aforementioned results and discussion suggest that many drivers may affect the occurrence of sand-dust storm events. Precipitation, wind speed and temperature are three meteorological drivers that influence the frequency of dust storm events. Wind speed is the major dynamic force of dust storm formation. A significant correlation exists between both monthly and annual dust storm frequency and wind speed. Precipita-tion enhances vegetation growth in this arid area. Therefore, the annual precipitation is negatively correlated with dust storm frequency. However, the relationship between monthly precipitation and monthly dust storm frequency is not statistically significant.
Temperature may also affect the occurrence of dust events. However, there was no significant correlation found between dust storm frequency and temperature in this study.
This result may be because the relationship is not straightforward and involves many variables. Vegetation is the mean surface feature capable reducing or eliminating the contact between soil and the atmosphere. Both human activities and environmental factors are responsible for changes in vegetation cover. The increase in vegetation would prevent an outbreak of dust storms. The linear regression between the NDVI and dust storm frequency in the study area shows a negative slope. Population growth can also have an impact on dust storm formation via changing the land surface features.
With the rapid population growth, vast areas of grassland, forest land and other noncultivated land were replaced by residential area or arable land. During the spring periods, this arable land would have no vegetation coverage; hence it becomes a potential source of dust particles. The multivariate analysis further confirmed the association between dust storm frequency and meteorological factors and the NDVI. High loadings of dust storm frequency, wind speed, precipitation and NDVI on a PC indicate that the increased precipitation and NDVI will decrease dust storm frequency, and increased wind speed will increase dust storm frequency.
